Human milk samples were collected from 179 mothers in 2017 and 2018 in six counties of Guangdong province, China. Concentrations of polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs) and dioxin-like polychlorinated biphenyls (DL-PCBs) were determined to evaluate the human body burden of dioxin-like compounds on the general population of South China. Samples were analyzed using high-resolution gas chromatography/high-resolution mass spectrometry in six pools, according to the subjects' resident county. The mean ∑PCDD/Fs and ∑DL-PCBs concentrations in human milk samples were 323.10 pg g −1 lipid and 2166.58 pg g −1 lipid, respectively, and the corresponding WHO toxicity equivalent (TEQ) values calculated with Toxic Equivalent Factors (TEFs) established by the WHO in 2005 (TEF WHO 2005 ) were 6.96 and 2.13 pg g −1 lipid. The concentrations of samples collected in Guangzhou, the capital city of Guangdong Province, were higher than those taken in the other five investigation regions. The levels of PCDD/Fs and DL-PCBs in human milk and the estimated daily intake doses of breast-fed infants were still high when compared with some non-exposure areas in mainland China. TEQ levels of PCDD/Fs and DL-PCBs in the present study have been compared to data obtained from a reported national study conducted in 2011. The mean TEQ (calculated with TEF WHO 2005 ) of ∑(DL-PCBs + PCDD/Fs) (8.4-9.0 pg g −1 lipid in 2011 vs. 9.09 pg g −1 lipid in 2018) seemed to be relatively stable during the period 2011-2018.
Introduction
Polychlorinated dibenzo-p-dioxins/furans (PCDD/Fs) and dioxin-like polychlorinated biphenyls (DL-PCBs) are ubiquitous persistent organic pollutants (POPs). They are extremely resistant to environmental decomposition and accumulate in fatty food of animal origin. Concerns regarding PCDD/Fs and DL-PCBs are mainly due to their toxic effects on a number of systems, including the endocrine and immune systems, the developing nervous system and their cancer-causing potential. 1 2,3,7,8-Tetrachlorodibenzo-para-dioxin (TCDD), 2,3,4,7,8-pentachlorodibenzofuran (PeCDF) and all the twelve dioxin-like PCBs have been identified as human carcinogens. 2 The United Nations Environment Programme (UNEP) initially listed twelve types of POPs of major concern under the Stockholm Convention, 3 including the PCDD/Fs and DL-PCBs.
WHO/UNEP consider human milk to be the best matrix for biomonitoring of POPs, because it is easily available, collection is non invasive, and its high lipid content makes the extraction of POPs easy. 4 PCDD/Fs and DL-PCBs in human milk are also a good reflection of the body burden on the mother, as human blood and adipose tissue concentrations are often similar. 5, 6 In addition, human milk is the main way of transporting PCDD/Fs and DL-PCBs from mothers to infants. The WHO has carried out global surveys on PCDD/Fs and PCBs in human milk since 1987. However, in China, the first and 2 nd national survey of POPs in human milk was carried out as a part of the a Guangdong Provincial Institute of Public Health, Guangdong Provincial Center for Disease Control and Prevention, No. 160 Qunxian Road, Panyu District, Guangzhou, 511430, China. E-mail: gdpiph2017@163.com, chenzh@gdiph.org.cn; Tel: +86-020-31051176 WHO global surveys later in 2007 and 2011, respectively. 7 Due to the rapid industrialization and urbanization during the past thirty years, environmental issues related to dioxins and DL-PCBs are of increasing concern in China, but studies on PCDD/Fs and DL-PCBs in human milk are limited. In the current study, the aim was to determine levels of PCDD/Fs and DL-PCBs in human milk from Guangdong residents and evaluate the human body burden of dioxin-like compounds of the general population of Guangdong province, a typical region having a developed economy and high level of industrialization in South China.
Materials and methods

Donor selection and sample collection
The criteria for donor selection and human milk sample collection was based on the 'Guideline for Developing a National Protocol' of the Fourth WHO-coordinated survey of human milk for persistent organic pollutants in cooperation with UNEP. 8 Some modifications were made for the special situation of Guangdong. The participators were all primiparas, less than 35 years old and had lived in non-directly POPs polluted areas of the investigation area for more than 10 years. All donors were informed of the objective of this study and signed the participant information and consent forms, and were willing to provide a minimum of 50 mL milk during 3-8 weeks after delivery.
A multistage random cluster sampling method was applied to select sampling sites. First, all of the 21 counties in Guangdong province were classified according to geographical distribution and economic condition. Then six counties were randomly sampled, including Guangzhou, Zhuhai, Foshan, Zhaoqing, Yangdong, Boluo. Breast milk samples from a total of 179 mothers were collected between August 2017 and February 2018. Human milk samples were collected by manual expression and frozen at −20°C immediately after collection, until analyzed.
Samples preparation and analysis
Individual human milk samples were thawed and homogenised before pooling. The individual samples of 50 ml from 29 or 30 donors from the same region were divided into the same group, and six pooled samples were created. Information regarding the six pooled samples is listed in Table 1 . In addition, 150 ml was taken from each pooled sample for the PCDD/Fs and DL-PCBs analysis.
After spiking with 13 C-labeled internal standards, samples were extracted individually using an ASE system (Accelerate solvent extractor equipment, ASE300, USA) with a mixed reagent of dichloromethane and n-hexane (1 : 1) for 10 min × 2 times under temperature (150°C) and pressure (2000 psi). Gravimetric lipid determination was performed after solvent evaporation. The concentrated sample extract was cleaned-up automatically using an automated system (Fluid Management Systems, Waltham, MA, USA). The fraction containing PCDD/ Fs and DL-PCBs congeners was then concentrated by vacuum evaporation and further cleaned-up using an alumina column. The eluate was dried by nitrogen evaporation to nearly dryness, and the residue was further reconstituted in 20 μL 13 C-labeled injection standard for instrumental analysis.
Concentrations of seventeen 2,3,7,8-substituted PCDD/F congeners and twelve dioxin-like PCBs were analyzed using high-resolution gas chromatography/high-resolution mass spectrometry (HRGC/HRMS) (MAT95XL Thermo Finnigan, Germany) with a DB-5MS capillary column (60 m × 0.25 mm i.d. × 0.25 μm). Further details on the analysis of PCDD/Fs and DL-PCBs are described elsewhere. 9 
QA and QC
All analyses and results were accredited to ISO/IEC 17025. Both method blank and quality control samples were included. Certified reference material was used as the quality control sample to validate the long determination process. Chicken samples purchased from the Norwegian Institute of Public Health, were measured to confirm the laboratory performance and the method validation. The Department of POPs laboratory of Shenzhen Center for Disease Control and Prevention has regularly and successfully participated in international interlaboratory comparison studies of PCDD/Fs and PCBs in human milk organized by the Norwegian Institute of Public Health since 2005.
Expression of concentration of PCDD/Fs and DL-PCBs and statistics
Both Toxic Equivalent Factors (TEFs) established by WHO in 2005 (TEF WHO 2005 ) 10 and in 1998 (TEF WHO 1998 ) 11 were used to calculate the WHO toxicity equivalent (TEQ) values of each congener for comparison with previous studies. All data were reported on lipid weight. Values below the detection limit of the analytical method were replaced by LOD (Limit of Detection) values prior to calculating the TEQ values. All statistical analyses were performed using SAS Enterprise Guide (SAS Institute Inc., Cary, NC, USA).
Results and discussion
Pollutant concentrations
A total of seventeen 2,3,7,8-substituted PCDD/Fs congeners and DL-PCBs in all pooled human milk samples from Guangdong Province were determined. The mass concentrations, ranges, TEQ values and percent contribution of each congener to the total TEQ value are shown in Table 2 12 Shenzhen, China 9 and in Japan. 13 The most toxic congener, 2,3,7,8-TCDD, was detected in all pooled samples, with the concentration ranging from 0.31 to 0.81 pg g −1 lipid. By TEQ concentration, the average concentration of ∑(DL-PCBs + PCDD/Fs) (9.09 pg TEQ per g lipid) calculated using TEF WHO 2005 was about 10% lower compared to the value 7, 14 as well as in Japan. 15 The mean TEQ (calculated with TEF WHO 2005 ) of the ∑PCDD/Fs was 6.96 pg TEQ per g lipid, accounting for 76.57% of the total TEQs of PCDD/Fs and DL-PCBs, which was much higher than that of DL-PCBs. Table 3 shows recent reported data on levels of PCDD/Fs and DL-PCBs in human breast milk in other areas. In the present study, it was indicated that the mean level of ∑(DL-PCBs + PCDD/Fs) in Guangdong province (10.44 pg TEQ per g lipid, calculated with TEF WHO 1998 ) was obviously higher than the mean level of 16 representative areas of China (6.7 pg TEQ per g lipid) 7 and some non-exposed areas in mainland China such as Hebei and Shijiazhuang. 16 The TEQ (calculated with TEF WHO 1998 ) of ∑(DL-PCBs + PCDD/Fs) was similar to that surveyed in Shanghai (9.15 pg TEQ per g lipid) 12 and Hong Kong (11.27 pg TEQ per g lipid) 17 and slightly lower than the level detected in Shenzhen. 9 It was noted that the levels of PCDD/Fs and DL-PCBs in Guangdong province were similar to those in Shanghai and Hong Kong, which may be due to the similar geographical environment and economic level of these three regions. Additionally more animal origin foods, especially fish, are consumed by residents of these regions. 7 The dietary habits may also be closely related to exposure. Compared with the data from other countries, the TEQ (calculated with TEF WHO 1998 ) of ∑(DL-PCBs + PCDD/Fs) in Guangdong province was similar to that detected in Ireland (9.66 pg g −1 lipid), 18 but much lower than that in Germany (19.8 pg TEQ per g lipid), 19 Tohoku in Japan (18.8 pg TEQ per g lipid) 20 and Slovakia (18.0 pg TEQ per g lipid). 21 The comparison with these countries further indicates that the difference in the levels of these contaminants might be caused by different levels of industrialization. Moreover, comparison of TEQs in pooled human milk samples from six regions of Guangdong Province is shown in Fig. 1 . The range of TEQ (calculated with TEF WHO 2005 ) in samples was from 5.45 to 8.74 pg TEQ per g lipid for ∑PCDD/ Fs, from 1.34 to 3.09 pg TEQ per g lipid for ∑DL-PCBs, and from 7.37 to 11.83 pg TEQ per g lipid for ∑(DL-PCBs + PCDD/ Fs). The TEQ levels of Guangzhou, the capital city of Guangdong Province, were notably higher than those from the other five regions, and the TEQ (calculated with TEF WHO 2005 ) of ∑(DL-PCBs + PCDD/Fs) (11.83 pg TEQ per g lipid) was similar to Shenzhen (11.9 pg TEQ per g lipid). 9 Some previous studies have also shown the human body burden of PCDD/Fs and DL-PCBs in residents was higher in regions of high industrialization or developed economy. 7, 9 The 
Level comparisons and time trends
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Conversely, in China, there was a significant increase of PCDD/Fs and some PCB congeners in human milk during the period 2007-2011, probably due to the increasing pollution of dioxin-like compounds. 7 However, it seemed to be relatively stable for concentrations of PCDD/Fs and DL-PCBs in Guangdong province during the period 2011-2018.
Health risk assessment for breast-fed infants
A breast-fed infant may be subject to a much higher average daily intake of PCDD/Fs and DL-PCBs than adults, at least on a body weight basis. It was estimated that an infant's intake might be nearly 1-2 orders of magnitude greater than that of adults, albeit for only a short duration of expected life span. 17 The WHO derived a Tolerable Daily Intake (TDI) for the dioxinlike compounds of 1-4 TEQ per kg bw per day. 1 The TDI is meant for chronic life time exposure and is not applicable for the breast feeding situation, which covers a much shorter time period of life. 4 However, scientifically sound arguments can be given to apply the TDI also to breast-fed infants. Thus, the estimated daily intake (EDI) was used to assess the health risk for infants who were exposed to PCDD/Fs and DL-PCBs via mother's milk. The traditional EDI calculation was used to acquire the EDI values, assuming an infant's average daily milk consumption of 700 mL and average infant body weight of 5 kg. 14 12, 21, 23 The mean EDI in the present study was also similar to that in Shenzhen and Shanghai. 9, 12 However, it was concluded by WHO/UNEP that the benefits of breast feeding far outweigh the toxicological disadvantages associated with certain POPs, based on present studies and knowledge. 4
Conclusion
This was the only study investigating PCDD/Fs and DL-PCBs levels in residents' human milk from Guangdong province since China's national survey in 2011, which firstly provided a baseline level for PCDD/Fs and DL-PCBs in human milk of the general population of Guangdong province. This study investigated concentrations of PCDD/Fs and DL-PCBs in 179 breast milk samples collected from mothers in six regions of Guangdong Province between 2017 and 2018. The TEQ levels of PCDD/Fs and DL-PCBs in human milk in Guangdong Province seemed to be relatively stable during the period 2011-2018. However, when compared with some non-exposed areas in mainland China, the PCDD/Fs and DL-PCBs levels in human milk and the EDI of breast-fed infants were still high in Guangdong Province. Furthermore, the TEQ levels of PCDD/ Fs and DL-PCBs in Guangzhou, the capital city of Guangdong Province, were higher than those in the other five investigation regions. These findings and continuing the surveillance of PCDD/Fs and DL-PCBs in human milk will be helpful in furthering our understanding of human exposure to dioxinlike compounds in the general population. Since human exposure levels of PCDD/Fs and DL-PCBs are associated with rapid urbanization and industrialization in China, more studies are needed to focus on both the environmental pollution and the body burden of PCDD/Fs and DL-PCBs in the population from areas of high industrialization or developed economy.
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